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Abstract 
The roadmap to next-generation concentrating solar power plants anticipates a progression to central towers with operating 
temperatures in excess of 650°C. These higher temperatures are required to drive higher power-cycle efficiencies, resulting in 
lower cost energy. However, these conditions also place a greater burden on the materials making up the receiver. Any novel 
absorber material developed for next-generation receivers must be stable in air, cost effective, and survive thousands of heating 
and cooling cycles. The collection efficiency of a power tower plant can be increased if the energy absorbed by the receiver is 
maximized while the heat loss from the receiver to the environment is minimized. Thermal radiation losses can be significant 
(>7% annual energy loss) with receivers at temperatures above 650°C. We present progress toward highly efficient and durable 
solar selective absorbers (SSAs) intended for operating temperatures from 650°C to 1000°C6HOHFWLYHHIILFLHQF\Șsel) is defined 
as the energy retained by the absorber, accounting for both absorptance and emittance, relative to the energy incident on the 
surface. The low emittance layers of multilayer SSAs are binary compounds of refractory metals whose material properties 
indicate that coatings formed of these materials should be oxidation resistant in air to 800-1200°C. On this basis, we initially 
developed a solar selective coating for parabolic troughs. This development has been successfully extended to meet the 
absorptance and emittance objectives for the more demanding, high temperature regime. We show advancement in coating 
PDWHULDOV SURFHVVLQJ DQG GHVLJQV UHVXOWLQJ LQ WKH LQLWLDO DWWDLQPHQW RI WDUJHW HIILFLHQFLHV Șsel > 0.91 for proposed tower 
conditions. Additionally, spectral measurements show that these coatings continue to perform at targeted levels after cycling to 
temperatures of 1000°C in environments of nitrogen and forming gas. 
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1. Introduction 
For next-generation power towers to operate at higher efficiency, producing lower-cost energy, they are expected 
to operate at temperatures exceeding 650°C. [1] The collection efficiency of a power tower plant can be increased if 
the energy absorbed by the receiver is maximized while the heat loss from the receiver to the environment is 
minimized. Thermal radiation losses can be significant (>7% annual energy loss) with receivers at temperatures 
above 650°C. Black paints such as high-WHPSHUDWXUH3\URPDUNKDYHDYHU\KLJKVRODUDEVRUSWDQFHĮ!
EXWDOVRKDYHKLJKHPLWWDQFHİaDWWKHWHPSHUDWXUHVRILQWHUHVW [2] Selective coatings for receivers can reduce 
losses and increase overall efficiency by maintaining high absorptance in the solar spectrum but lowering emittance 
in the infrared spectrum. Such solar selective absorbers (SSAs) have been developed and deployed for more than 
three decades for lower temperature parabolic trough applications. [3] However, these coatings are not well-suited 
for power tower applications; they are sensitive to oxidation and they can typically only operate at temperatures up 
WR a°C before performance degrades. Any novel selective absorber material developed for next-generation 
receivers must be stable in air, cost effective, and survive thousands of heating and cooling cycles. 
Ongoing efforts at the National Renewable Energy Laboratory (NREL) have sought to address the issue of highly 
efficient and durable SSAs for operating temperatures from 650°C to 1000°C. [4-6] The low emittance layers of our 
multilayer coatings are binary compounds of refractory metals whose material properties [7] indicate that coatings 
formed of these materials should be oxidation resistant in air to 800-1200°C. On this basis, we initially developed a 
solar selective coating for the tube receivers used in parabolic troughs. [8] In our current work, that initial effort has 
been successfully extended to meet the absorptance and emittance objectives for the more demanding, higher 
temperature tower regime. Our development has assumed application on heat transfer fluid tubes for direct incidence 
tower designs. However, the final air-stable coating would be of use in any application where spectral selectivity 
provides a significant benefit and adhesion between the coating and the receiver surface can be demonstrated. 
 
Nomenclature 
Șsel  selective absorber efficiency 
Įs  solar weighted absorptance 
İT emittance at temperature T 
Q incident solar irradiance 
ı Stefan-Boltzmann constant 
T surface temperature of receiver 
SSA solar selective absorber 
LCOE levelized cost of energy 
LCOC levelized cost of coating 
2. Methods 
2.1. Sample Production 
We focus on the production of high performance SSAs using physical vapor deposition (PVD) methods because 
PVD allows extremely fine control of the morphology, stoichiometry, and crystal structure, thereby controlling the 
resulting optical and thermal properties. Deposition cost is considered a second-order selection criterion because 
lower-cost methods can be developed and utilized after a high-temperature solar selective coating with improved 
optical properties is developed. In addition, because the receiver surface area for power towers is relatively small, a 
coating that is more expensive to produce (PVD) may well be worthwhile if its performance improvement is 
significant and it is durable enough to last years in the field without need for reapplication. Ultimately, assessment of 
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the coating cost will be done through the levelized cost of coating (LCOC) metric being developed by Sandia 
National Labs as part of this overall project. [9] The benchmark coating for cost comparison is Pyromark 2500 
(Initial estimate of LCOC = $0.055/MWhth). Refinement of the LCOC metric is ongoing and has been reported 
elsewhere in this proceedings. Our modeling approach for SSA materials is to design multi-layer stacks of candidate 
materials which show intrinsic selectivity that can be enhanced through careful combination with other temperature 
stable materials. The modeling was historically based on the material parameters found in the Granta CES Selector 
software, however, over the course of this project we have been working to improve correspondence between the 
model and observed performance through the use of observed optical parameters. The modeling itself is done in the 
Essential Macleod optical design package, where specific layer thicknesses are determined. As seen in Figure 1, a 
simplified version of the proprietary coating consists of the substrate, an infrared reflective layer, a solar absorbent 
layer and an anti-reflective coating. 
We deposit the multi-layered coatings primarily using reactive and dual-source, co-deposited pulsed DC 
magnetron sputtering (PMS) as well as electron beam and ion beam assisted deposition. We have previously had 
success with films designed for lower temperatures using this method and a patent allowance has been granted based 
on that work. The deposition parameters of the individual oxide layers are optimized to maximize transmittance and 
process stability. The refractory metal/ silicide individual layers were co-sputtered at rates to produce target 
stoichiometries that are later confirmed by composition analysis (Auger electron spectroscopy (AES) and Rutherford 
backscattering spectrometry (RBS)). Substrate temperatures of up to 250°C have been tested in deposition. There 
was no enhancement to crystallinity or performance in coatings deposited at those temperatures. All samples 
presented here were deposited without substrate heating. Such samples are confirmed by XRD to be amorphous as-
deposited. Samples are annealed after deposition to achieve crystallinity of the base layer materials which improves 
performance of the materials as both a solar absorber and a low-emittance IR reflector. The annealing is done in a 
standard tube furnace with multiple gas inputs and the capability of millitorr vacuum operation. 
2.2. Characterizations 
The properties of the individual layers deposited by PVD were characterized by step profilometry for thickness; 
ellipsometry for thickness and index of refraction; ultraviolet—visible—near-infrared (UV-VIS-NIR), infrared (IR), 
and Fourier transform infrared (FTIR) hemispherical spectrophotometry for reflectance; scanning electron 
microscopy (SEM), SEM with energy dispersive x-ray analysis (EDX), and atomic force microscopy (AFM) for 
morphology and surface roughness, and X-ray diffraction (XRD) for crystal structure. By combining hemispherical 
reflectance measurements, we cover the region from 250 nm to 25,000nm. This wide range allows us to use 
Kirchoff’s law, Plank’s law, and the blackbody emittance formula to calculate a sample specific solar weighted 
absorptance and a thermal emittance for a given temperature. The solar weighting is done with the ASTM G173 
Direct Normal standard spectrum. To judge the ultimate performance of the SSAs, we use the following figure of 
merit for the efficienF\RIVHOHFWLYHDEVRUEHUVȘsel, which is equal to the ratio of the net radiative energy absorbed 
and retained by a surface to the net radiative energy absorbed and retained by an ideal selective absorber with an 
absorptance of one and an emittance of zero: 
Fig. 1 Simplified SSA structure. 
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ZKHUHĮs is the solar absorptance, Q is the irradiance on the receiver (W/m2İT LV WKHWKHUPDOHPLWWDQFHıLV WKH
Stefan-Boltzmann constant (5.67x10-8 W/m2/K4), and T is the surface temperature (K). As is typical, Șsel and the 
XQGHUO\LQJSDUDPHWHUV Įs İT) are calculated from reflectance spectra acquired at room temperature. Modeling of 
temperature dependence in the solar spectrum and direct measurement of IR reflectance at temperatures up to 500°C 
indicate that this is reasonable. It should be noted that a perfect solar selective absorber is not possible in the 
temperature range being proposed for these receivers. Due to the spectral overlap of the solar spectrum and the 
blackbody spectrum at T = 700°C, maximum possiblHHIILFLHQF\LVaDWVXQV (60W/cm2). 
3. Results 
3.1. Materials and design improvements 
Intitial work in the project focused on TixSi(1-x) compositions for base layer performance. As was the case with 
our previous trough-related efforts, the best performance of the as-deposited results was seen in Ti0.86Si0.14 materials. 
We extensively examined the room temperature deposited TiSi single layer and multilayer coatings as a function of 
anneal temperature, environment and sequence. We characterized the outcomes of these tests in two primary ways; 
spectral performance and XRD. Judged by both methods we were unable to achieve a satisfactory result. The 
annealing of the materials changed the performance of the films dramatically, enhancing the solar absorptance but 
also increasing the emittance of the layers in the process. Coatings based on the Ti0.36Si0.64 materials were robust 
through annealing at 1000°C and we were able to demonstrate process control and uniformity over the deposition 
area (4” x 4”) through repeatable results in these SSAs. Table 1 provides average (ߙ௦തതത) and standard deviation (s) for 
samples from two runs, encompassing the full deposited area in each run. 
Table 1 Solar absorptance data averaged across four 2” x 2” samples from two 
deposition runs of Ti0.36Si0.64 multilayer stacks of identical design showing 
repeatability and uniformity. 
ࢻ࢙തതത  s (Įs) 
Run 5296-15 83.7% 0.5% 
Run 5296-22 84.1% 0.3% 
 
Due to the difficulty in achieving adequate performance within the TiSi system, we proceeded to another 
promising binary silicide identified by our selection criteria. TaxSi(1-x) single layers were optimized for the full SSA 
by looking at the crystallinity and reflectance spectrum of the films as a function of heat treatments. The annealed 
TaSi (1:2) ratio film produced the highest degree of crystallization as identified through XRD. It also showed the 
best IR reflectance as well as the sharpest transition to lower reflectance. Direct substitution of TaSi2 into the best 
performing design tested with TiSi compounds led to an immediate improvement, the comparison shown as the 
“Old” spectra in Figure 2. The resulting improvements to the identified metrics are shown in Table 2. 
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Initially we employed a critical wavelength method for the design of a selective absorber that followed the 
method of Sergeant. [10] However, this method does not adequately account for the flux intensity at the absorber in 
the high irradiance case. To improve modeling and performance, we ran an optimization of Equation 1 to maximize 
Șsel IRUDSHUIHFWO\VHOHFWLYHDEVRUEHUDEVRUSWDQFHLVIRUȜ!Ȝcrit and 0 for Ȝ!Ȝcrit) considering temperature and 
irradiance (Q). Whereas the Sargeant method results in Ȝcrit = 1.8 μm for 700°C, when Q is considered it produces a 
shift in Ȝcrit toward longer wavelength. For an irradiance of 60 W/cm2 and T = 700°CȘsel is maximized where Ȝcrit = 
2.5 μm. We have applied this change in design criterion to our modeling in order to maximize efficiency of the 
TaSi2 SSAs. Additionally, the model was iteratively adapted to incorporate the measured optical characteristics of 
the TaSi2 films. The result of the design improvements is shown in Figure 2 as well with the spectrum labeled 
“TaSi2 New”. We have specifically targeted our development of an optimized SSA at the use-case of 700°C and 600 
suns (60 W/cm2). However, optimization of Equation 1 leadVWRDVXUIDFHIRUȜcrit that is slowly varying around that 
point and doesn’t change significantly except for low irradiance or high temperature (<10 W/cm2, >900°C). 
Spectral performance has been seen to be robust over repeat depositions of TaSi2 SSAs, as well as for the same 
anneal conditions as the single layer films. It should also be noted that the stoichiometric and deposition thickness 
variations known to be present across the deposition area indicate that the coating is relatively insensitive to changes 
in composition or thickness of at least ±2%. 
Table 2 The progression in performance for improved materials and designs is shown through 
improvements to absorptance and emittance at target values of temperature and irradiance. 
SSA Design TiSi2 “Old” TaSi2 “Old” TaSi2 “New” 
Įs 87.9% 93.0% 94.5% 
İ700 0.689 0.601 0.373 
    
Irradiance (W/cm2) Șabs (700°C) 
50 0.809 0.869 0.907 
60 0.821 0.879 0.913 
70 0.829 0.886 0.918 
80 0.835 0.891 0.921 
Fig. 2 Reflectance spectra for annealed SSAs showing the progression of improved materials and designs. Target 
transition for an SSA intended for 700°C and 600 suns is 2.5 μ. The model accounts for the offset we observed 
empirically. 
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3.2. High temperature cyclic testing 
Critical to understanding the material performance and demonstrating durability, we are looking at the effects of 
cycling in different environments at high temperatures. Figure 3 shows repeated cycles in a) forming gas (Ar and 5% 
H) and b) nitrogen. All cycles were 2 hours at temperature. Temperatures up to 500°C produced no changes to the 
spectral performance of the films. At 1000°C we see some changes to the spectral performance of the coatings in the 
visible region. There is no change to the IR performance of the coatings. Delamination of the coating, regardless of 
WUHDWPHQWZDVQRWREVHUYHG1RWHWKDWȘabs for the cycled samples remained > 0.885 for all samples, which exceeds 
that estimated for Pyromark. Some of the results from this testing are shown in Table 3. We have also begun testing 
both TaSi2 single layer films and multilayer stacks for thermal stability in air. We have tested both annealed and un-
annealed samples in a box furnace capable of operation up to 1500°C. After a cycle of 20 hours at 700°C the IR 
performance of all samples (dominated by the properties of the TaSi2) is slightly improved by the thermal 
processing, however, there is a change to the visible absorptance that is apparent both to the eye and in the measured 
VSHFWUXP 7KLV OHG WR D ORVV LQ Įs, but there was no apparent degradation to the surface of the coating or any 
delamination of the material from the substrate. This indicates that the TaSi2 is stable at high temperatures over 
multiple cycles in all tested environments. The top coating layers must be examined closely to understand what 
changes they are undergoing. 
Table 3 Solar weighted absorptance and selective efficiency for SSAs cycled at 1000°C for 2 hours in specified 
conditions. 
 Forming Gas Nitrogen 
Įs Șsel Įs Șsel 
As-deposited  94.7% 0.915 94.8% 0.917
Annealed  93.8% 0.906 92.8% 0.894
3 cycles (1000°C) 92.2% 0.895 94.2% 0.914
 
a) b) 
Fig. 3 Reflectance spectra of TaSi2 based selective absorber samples after tube furnace annealing and 2hr. cycles in a)  forming gas (Ar, 5% H) 
and b) N2. 
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4. Conclusions 
We extensively characterized two attractive refractory metal/silicide binary materials for our multi-layer, thin film 
stack selective absorber. We were unable to produce the desired crystal structure or performance in the TiSi system 
in our deposited films; however, we were able to produce a repeatable coating with consistent annealed performance. 
The TaSi system proved to be easier to optimize for thermal processes and optical performance. We were able to 
achieve single phase crystallization of TaSi2 from amorphous depositions of that ratio in both single layer films and 
multilayer stacks. The annealed properties of the single-layer TaSi2 films show high IR reflectance (R >92% at Ȝ = 
10 μm) and significant solar absorptance (Įs ؆ 55%), characteristics that make it a good candidate for inclusion in a 
multi-layer selective coating. Multiple coating designs incorporating TaSi2 layers have been deposited, 
demonstrating the ability to improve Įs and Șsel through modeling and design. We are able to repeatedly produce 
SSAs with initial efficiencies Șsel > 0.91 for our target use case and we have demonstrated that these results can be 
sustained through multiple cycles of 1000°C. We believe that this is promising progress toward a receiver coating 
capable of meeting the needs of next-generation CSP power towers for durability and performance. 
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